Hubbes 1999; Griffin 2000). Most pathogens probably do not have such catastrophic impacts on their host species or landscape but instead have much more subtle and therefore less easily recognized effects. We may be most likely to detect these effects when species are already under stress from other factors. For example, an epidemic of canine distemper in black-footed ferrets has been identified as the proximate cause of their extinction in the wild (Williams et al. 1988) . Similarly, extinctions of native birds in Hawaii have been attributed to avian malaria, although current patterns of species distributions suggest that disease probably interacted with habitat loss and other stress factors (Pimm 1991) .
Our understanding of the consequences of fungal pathogens for natural plant communities has grown considerably over the past decade or two (Jarosz and Davelos 1995), but we know less about the effects of plant viruses despite their ubiquitous distribution in plants. Several recent studies have stressed the prevalence of viruses in natural plant populations (e.g., Power and Remold 1996; Ooi et al. 1997; Cheng and Jones 1999; Ooi and Yahara 1999; Raybould et al. 1999) . Moreover, Maskell et al. (1999) emphasize that the failure to detect viruses in wild plants could be due to high mortality of infected individuals.
But what are the consequences of viruses for plants in natural communities? Greenhouse and field experiments have demonstrated that virus infection can significantly reduce the growth, survivorship, and reproduction of nondomesticated plants (Friess and Maillet 1996, 1997; Funayama et al. 1997; Maskell et al. 1999; Funayama et al. 2001; Funayama-Noguchi 2001; Power 2002) . For example, Maskell et al. (1999) found reduced seed output and higher mortality in wild cabbage (Brassica oleracea) infected with turnip mosaic potyvirus or turnip yellow mosaic tymovirus in the field. Competitive abilities are also affected by infection. In greenhouse studies, the fitness and competitive abilities of infected purslane (Portulaca oleracea) (Friess and Maillet 1996) and chickweed (Stellaria media Vill.) (Friess and Maillet 1997) were reduced significantly by infection with cucumber mosaic virus. Similarly, the ability of wild oats (Avena fatua) to compete effectively against other grasses was reduced significantly by infection with barley yellow dwarf virus (Power 2002) . Although data from field studies are still scarce, there is every reason to think that viruses can have important effects on plant populations and communities.
In this chapter, we use plant viruses as a model system for analyzing species dependencies and redundancy. Evaluating the dependence of one species on another is often difficult, yet it is essential for predicting the consequences of species losses to community structure and function. Assessing dependence may be straightforward for some cases of pairwise interactions, such as host-specific insect parasitoids. For more complex interactions, however, documenting dependencies can take years of careful observation and field experiments. In contrast, determining the specificity of a plant virus is relatively straightforward, and such viruses depend quite strongly on their host plants and on their vectors. Moreover, we have reliable data on such dependencies for hundreds of species, allowing us to ask questions that are difficult to ask in many other systems.
Plant Viruses and Specificity
Plant viruses are obligate symbionts that depend on their host plants for reproduction. To colonize new hosts, most plant viruses also require vectors, which may include insects, mites, nematodes, or fungi. Although some viruses can be transmitted intergenerationally from parent to offspring in the seed, transmission by vectors clearly plays an important role in determining fitness for most viruses, and it can result in extremely rapid spread of a virus. Transmission within a host generation, such as that carried out by vectors, is known as horizontal transmission, whereas transmission between host generations is known as vertical transmission. Viruses vary in the number of possible hosts that they can infect, whether by horizontal or vertical transmission, and in the number of vectors that can transmit them effectively. Given the important role that viruses may play in plant communities, how redundant are these disease systems? What patterns of host and vector specificity should we expect for plant viruses?
There are several plausible scenarios of specificity that have considerably different implications for patterns of redundancy in disease systems. We present two straightforward scenarios as alternative hypotheses of specifity. First, if the biological barriers to virus invasions of plants or vectors are great, we might predict that most viruses would show host and vector specificity, as depicted in figure 17.1a. To replicate, viruses must take over the reproductive machinery of a cell, a process that requires specific receptors. Similarly, recent research has demonstrated that vector transmission requires highly specific viral transport mechanisms in the vector (Gray and Banerjee 1999; van den Heuvel et al. 1999) . These biological constraints would point to low redundancy, such that viruses would likely depend on one or a few species of hosts and vectors.
On the other hand, because viruses are completely dependent on their symbionts for reproduction, we might expect that it would be advantageous for viruses to have broad host ranges and an abun- dance of potential vectors. Because viruses show rapid evolution and substantial genetic diversity generated by high mutation rates and frequent recombination (Domingo and Holland 1997; Roosinck 1997) , they may adapt quickly to new hosts and vectors. In this case, we would predict that most viruses would be host and vector generalists, as shown in figure 17 .1b. This scenario would result in high functional redundancy in disease systems, such that diversity of hosts and vectors could act as "insurance" against spatial and temporal fluctuations that might influence virus epidemiology. This idea is consistent with recent theory, which supports the general hypothesis that species diversity and functional redundancy act as "insurance" against environmental fluctuations that may affect community stability and productivity (Doak et al. 1998; Yachi and Loreau 1999; Ives et al. 2000) . Under this scenario, we would also expect that relatively few viruses would be either host specialists or vector specialists, and that specialism for both hosts and vectors would be extremely rare (see figure 17 .1b).
To evaluate redundancy in plant virus systems, we analyzed the degree of diversity in hosts and vectors of plant viruses, addressing the following questions:
1. From the point of view of the virus, is there more redundancy in available hosts or available vectors? That is, are viruses more likely to be specific to hosts or to vectors? 2. Do taxonomic relations between vectors and viruses influence system redundancy? 3. Does the degree of intimacy between virus and host or between virus and vector influence patterns of specificity and redundancy?
Sources of Data
We used the VIDE database on plant viruses (Brunt et al. 1996) to address the questions just outlined. This database is the most current listing of plant virus species and contains 1673 total viruses, including 910 unique virus species. For each of the 910 unique viruses in the database, we recorded taxonomic information (species, genus, family) and type of transmission (vector, seed, mechanical, graft) . The mechanism of transmission is known for only 59% of these 910 species; of the 59%, 89% are transmitted by vectors. For the 474 viruses that are known to be transmitted by vectors, we compiled data on the type of vector (insect, mite, nematode, fungus); whether the virus is retained by the vector (persistent, semipersistent, nonpersistent); whether the virus propagates in the vector; the number of vector species, genera, and families; and the number of host species, genera, and families. For each virus, the range of host species or vector species was categorized as specific (single species), narrow (2-5 species), or broad (Ն6 species). Equivalent categories for genera and families used the same numerical boundaries. For each of the questions listed earlier, we used contingency tables and chi square ( 2 ) tests to assess differences among host and vector ranges at the level of species, genus, and family.
There are several potential biases in this database that may influence the implications of our analysis. First, the majority of data on plant viruses comes from economically important viruses-in most cases, viruses that infect crop plants. However, the plants that comprise the host range are primarily non-crop plants. Second, reports for hosts and vectors do not all come from natural infections in field populations. Experimental inoculations of feasible hosts and transmission trials with a range of possible vectors may provide information about the potential for associations, but they do not guarantee that such associations actually occur in the field under natural conditions. Thus, the host ranges and vector ranges reported in the database may be overestimates. On the other hand, the logistics of carrying out such trials restricts the number of hosts or vectors that can be tested, and therefore host or vector diversity may be underestimated for some species, especially those with less economic importance. Finally, recent advances in virus molecular genetics are enhancing our understanding of taxonomic relationships among viruses, but species determinations are still somewhat in flux for some virus groups.
Vector Specificity versus Host Specificity
Neither of our alternative predictions about patterns of host and vector specificity (see fig. 17 .1) were fully supported by the data. Instead, we found high levels of vector specificity accompanied by low host specificity. In general, viruses have few vectors and many hosts, and the largest proportion of viruses fall into the category of "host generalist/vector specialist" ( fig. 17.2 nificantly higher ( 2 ‫ס‬ 6.59, P Ͻ 0.05). Although many viruses have a narrow range of vectors but a large host range, viruses with many vectors never have a narrow host range. That is, no viruses fall into the category of "host specialist/vector generalist" (see fig. 17 .2). Viruses with a narrow host range inevitably have a restricted set of vector species.
Patterns of host and vector specificity differ significantly among types of vectors (host specificity: 2 ‫ס‬ 17.09, P Ͻ 0.01, vector specificity:
2 ‫ס‬ 45.64, P Ͻ 0.0001). Of the 474 viruses transmitted by vectors, 86.7% are transmitted by insects, 5.5% by fungi, 4.0% by nematodes, and 1.8% by mites. Because insects are the most common vectors, the patterns of specificity for the subset of insect-transmitted viruses are similar to those for all vectored viruses ( fig. 17.4a) Viruses that have more intimate associations with their insect vectors might be expected to be the most vector specific. The transmission modes of insect-vectored plant viruses have been categorized according to the intimacy of their association with the vector, ranging from stylet-borne viruses (low intimacy) to propagative viruses (high intimacy). Stylet-borne viruses are carried on the mouthparts of the vectors and are known as "nonpersistent" because they are lost once a vector has fed on a host. Viruses borne in the foregut of the vector are "semipersistent" in their vectors. Circulative, "persistent" viruses pass through the insect gut into the hemolymph and then into the salivary glands via highly specific transport mechanisms and can be transmitted repeatedly to new plants. Propagative viruses are circulative viruses that replicate in the insect vector as well as the plant host, via relations with vectors that are thought to be highly specific. Our analysis indicates that circulative and foregut-borne viruses are somewhat more likely to be vector specialists than are stylet-borne viruses (61% and 59% vs. 44%; 2 ‫ס‬ 10.64, P Ͻ 0.05). Circulative viruses that propagate in their vectors are not more likely than nonpropagative viruses to be absolute vector specialists, but they are more likely to have a narrow range of vectors (Յ5 species) and are less likely to be vector generalists ( 2 ‫ס‬ 7.88, P Ͻ 0.05). Viruses transmitted by fungal vectors are even more specialized with respect to their vector relations than insect-transmitted viruses, since each of the 25 viruses in the VIDE database is transmitted by a single species of fungus; but only 12% of these viruses are host specialists (see fig. 17 .4b). Mite-transmitted viruses show a similar pattern ( fig. 17.4c ): these 9 viruses are all vector specialists, but none are host specialists. Nematode-transmitted viruses are less likely to be vector specialists-50.0% have a single vector-and they are exclusively host generalists ( fig. 17.4d ).
Host and vector specificities differ significantly among virus families ( 2 ‫ס‬ 180.00, P Ͻ 0.0001 and 2 ‫ס‬ 98.16, P Ͻ 0. 0001, respectively; fig. 17 .5), despite the fact that only 53% of the viruses in this database have been assigned to a family. Vector type or mode of transmission cannot account fully for these differences among families. Although the viruses in some of these families are transmitted exclusively by a single vector type using a single transmission modesuch as with the insect-transmitted, circulative Geminiviridae (see fig.  17 .5a)-viruses in other families are transmitted by several vector types, sometimes with different transmission modes. The Rhabdoviridae (see fig. 17 .5b), for example, are transmitted propagatively by insects and mites. The Potyviridae (see fig. 17 .5c) are transmitted by aphids, mites, and fungi, and the transmission mechanisms are distinct for the different vector types. There is no evidence, however, that virus families transmitted by more vector types are likely to have significantly more species of hosts or vectors (P ϾϾ 0.10).
These patterns of vector and host specificity suggest that virus distribution is constrained more by the specificity of virus-vector relations than by the specificity of virus-host plant relations. Many viruses have a very narrow range of vectors but a large host range. In contrast, no viruses have a narrow range of host plants if they have many vector species (see fig. 17 .2). The feeding range of the vector determines in large part the host range of the virus, suggesting that viruses can adapt to new hosts fairly readily. Moreover, in a number of well-known cases, expansion of the host range of insect vectors has been shown to increase the host range of the viruses that these vectors transmit (e.g., Goldbach and Peters 1994; Harrison and Robinson 1999) . Recent studies of insect-transmitted plant viruses demonstrate highly conserved molecular motifs in viral genomes that regulate the specificity of insect transmission (Power 2000). In contrast, advances in our understanding of host plant response to virus infection reveal generalized patterns of host defense against a diverse array of viruses (Carrington and Whitham 1998; Waterhouse et al. 1999; Escaler et al. 2000) . As an extreme example, geminiviruses are typically transmitted by a single species of vector, yet many have extremely large host ranges (see fig. 17.5a ). The range of diseases incited by geminiviruses has increased dramatically since the early 1990s, largely due to the introduction to the Americas of the Old World B-biotype Bemesia tabaci whitefly. B-biotype B. tabaci have an unusually broad host range and can transmit viruses among host plants that did not previously share insect vectors (Brown et al. 1995) . Apparently, the introduction of this vector to the New World provided a novel opportunity for preexisting viruses to be transmitted from their wild hosts to a variety of crops. Recent molecular analyses of the whitefly-transmitted geminiviruses indicate striking levels of genetic diversity within virus species (Ooi et al. 1997; Sanz et al. 1999) , diversity that presumably allows rapid adaptation to new hosts. In contrast, regions of the genome that encode the proteins responsible for insect transmission are much less variable.
At the level of virus genera, there are no documented examples of different members of a virus genus having different insect transmission modes (i.e., one species of virus being transmitted in a styletborne manner and another being transmitted in a circulative mode, although some stylet-borne viruses may also be seed-transmitted). This pattern appears to result from a consistent evolutionary constraint, such that virus genera can be assigned to a particular insect transmission mode (Nault 1997). The consistency of transmission mode within a virus genus, and the generally greater specificity of vector relations compared with host relations, suggests that selection imposed by a requirement for efficient vectors may be more severe than that imposed by host plant defenses (Power 2000) . This implies that the rate-limiting step for virus spread is attaining access to new hosts rather than overcoming the defenses of these hosts.
Our analysis suggests that most plant viruses have substantial redundancy in the hosts that are available to them. In contrast, there is little redundancy in potential vectors for most viruses. Because the majority of viruses depend on vectors for transmission, virus epidemiology is delimited largely by the life history and behavior of the vectors. In particular, the host range and feeding preference of the vectors are likely to play a major role in determining the realized host range of the virus.
Seed Transmission and Host Specificity
The low host specificity of most vector-transmitted viruses is less apparent when we look at seed-transmitted viruses. In addition to horizontal transmission by vectors, the other major biotic mechanism of transmission is via seed, whereby viruses are transmitted vertically from parent to offspring in the seed. Seed transmission requires that the virus enter the germ line, and only 131 viruses (14.4%) are known to be capable of this. Moreover, among viruses capable of seed trans-mission, actual rates of transmission are often extremely low, suggesting that infection of the germ line is difficult to achieve or that there is strong selection against seed transmission. Ecological theory and laboratory experiments indicate that only those viruses with relatively low virulence should be restricted to vertical transmission modes such as seed transmission, since virus transmission requires that infected hosts survive until reproduction (Power 1992; Bull 1994; Messenger et al. 1999) .
Because seed transmission would seem to require a more intimate association between virus and host than would vector transmission, we tested the hypothesis that viruses with seed transmission have smaller host ranges than those without. Transmission by seed and vector are not mutually exclusive; certain viruses can be transmitted both by vectors and by seed. Therefore, we included in our analysis three categories of viruses: (1) viruses with seed transmission only, (2) viruses with vector transmission only, and (3) viruses with both seed and vector transmission.
The hypothesis that seed-transmitted viruses should have greater host specificity than viruses that are not transmitted by seed was only partially supported by the data. Our analysis indicated that viruses that depend on seed transmission alone are significantly more likely to be host specialists than viruses with vector transmission (36.4% vs. 6.3%, 2 ‫ס‬ 30.33, P Ͻ 0.0001; fig. 17 .6), whether those viruses with vector transmission were also seed-transmitted (3.4%) or not (7.0%). Contrary to our expectations, seed-transmitted viruses that were also transmitted by vectors were more likely to have broad host ranges (93.2%) than viruses that depended exclusively on vectors for transmission (73.1%, 2 ‫ס‬ 14.05, P Ͻ 0.001; see fig. 17 .6). This pattern of host specificity may be due in part to the type of vector most likely to transmit seed-transmitted viruses. A significantly higher proportion of nematode-transmitted viruses were also seedtransmitted compared with viruses transmitted by insects, fungi, or mites ( 2 ‫ס‬ 30.095, P Ͻ 0.0001; fig. 17 .7). Because nematode-transmitted viruses are exclusively host generalists (see fig. 17 .4d), these viruses may influence the overall pattern of host specificity of viruses transmitted by both seeds and vectors. In addition, among insect-transmitted viruses, stylet-borne viruses are more likely to also be capable of seed transmission than are viruses with other transmission modes ( 2 ‫ס‬ 31.77, P Ͻ 0.0001), and stylet-borne viruses are also more likely to be host generalists (78.6%) than viruses with other transmission modes. Viruses with extremely intimate relations with their vectors, such as circulative and propagative viruses, are never transmitted by seed. 
Implications of Specificity for Species Losses, Community Structure, and Conservation
Disease agents have been shown to be strong ecological interactors under certain conditions, and they can play important roles in structuring communities. What are the potential consequences of the loss of plant viruses for plant communities? The loss of viruses could release host plants from suppression and significantly affect their competitive relations with other members of the plant community. Because virus infection can have strong effects on the populations of other plant pathogens and herbivores (Power 1992) , the loss of viruses could also alter the remaining community of parasites on these host plants (Esch et al. 1990 ), leading to second-order effects on hosts.
The consequences of the loss of plant viruses are likely to be complex; the case of wild oats infected with barley yellow dwarf virus may serve as an illustration. Wild oats are highly invasive weeds in the western United States in both natural and agricultural systems (Holm 1977) . Introduced wild oats compete heavily with native grasses in natural grasslands, causing declines in native grass populations and hampering current efforts at grassland restoration (Barbour et al. 1993; Dyer and Rice 1997) . Our studies show that the growth and reproduction of wild oats are reduced substantially by virus infection and that infected plants are less successful competitors against other plant species (Power 2002). Virus infection is extremely common in wild oat populations, suggesting that the fitness and competitive abilities of these grasses are currently being suppressed by infection in the field. Loss of the virus, or a significant decline in its abundance, could result in the release of wild oats from ecological constraints normally imposed by virus infection. In turn, this could result in a greater impact of wild oats on native plant populations, potentially modifying the diversity and structure of native grassland communities.
Because viruses are obligate symbionts that lack a free-living stage, the loss of virus species is likely to occur through the loss or reduction of host or vector populations. The likelihood of species loss depends on the specificity of relations between viruses, their hosts, and their vectors. Host-specific plant viruses may be lost as a result of the extinction or decline in abundance of the host plant. In this case, the consequences of virus loss for plant communities might be minimal, since the major impact would be due to the loss of the host plant species itself. On the other hand, for host-generalist viruses, the likelihood of losing the virus species via host loss is probably low, but any losses in host plant species might significantly change the dynamics of virus infection in surviving host species, potentially affecting plant competition and the structure of plant communities.
The pattern of extreme vector specificity revealed by our analysis suggests that virus species are more likely to be lost through extinctions (or declines in the abundance) of vector species, particularly insects, than through host plant extinctions or declines. This conclusion is disconcerting because in general we have a limited ability to detect extinctions of insects or threats to their survival, with the possible exception of some well-studied butterfly species. One of the problems is the "taxonomic impediment" (Wilson 1985) , since the vast majority of insect species are undescribed, and even described species may be very difficult for field biologists to identify. Certainly, our knowledge of the major families of insect vectors (aphid, leafhoppers, planthoppers, and whiteflies) is largely concentrated on species of economic importance, such as crop pests, which typically are common, abundant, and distributed widely.
How effective are current strategies for insect conservation? The conventional approach to biodiversity conservation is based on habitat and relies almost exclusively on vegetation characteristics. The proposition that we can best conserve populations of insect herbivores by conserving their host plants is well established in conservation programs around the world (Collins and Thomas 1991; Scott et al. 1993; Panzer and Schwartz 1998) . Entomologists have sometimes challenged the efficacy of this approach for insect conservation. Surprisingly, there are relatively few data to test the assumption that a vegetation-based approach is effective for insects. In the only study to date that included insect vectors, Panzer and Schwartz (1998) found that plant community characteristics would be useful indicators of leafhopper species diversity in the tallgrass prairie. Their results suggest that a vegetation-based approach to conservation that uses plant species richness and plant community richness as biodiversity indicators is likely to be relatively effective in conserving leafhopper species (Panzer and Schwartz 1998).
Although our analysis suggests that most virus species would be lost through losses or declines in vector populations, highly host-specific viruses, such as viruses restricted to seed transmission, might be lost through the extinction of plant species. In general, the extinction rate of host-specific parasites is probably similar to the extinction rate of their hosts (Stork and Lyal 1993) . For example, host-specific parasites of the black-footed ferret appear to have gone extinct about the time that the single surviving population of ferrets was brought into captivity (Gompper and Williams 1998). There were deliberate efforts to reduce parasite loads in captive ferrets, since disease was one of the proximate causes of their demise in the wild (Williams et al. 1988) . Although there are no well-documented examples of plant extinctions leading to pathogen extinctions, vegetation-based conservation may be effective for the direct conservation of plant viruses as well as for indirect conservation by means of the conservation of insect vectors, as discussed earlier.
Conclusions
We have argued here that microbial pathogens such as plant viruses can have powerful, though sometimes cryptic, effects on natural plant populations and communities. The loss of such pathogens has the potential to alter community structure and function dramatically. Our analysis suggests that viruses are more likely to become extinct through the loss or decline of their vectors than through the loss of their host plants, because typically they are highly dependent on a small number of vector species and because strategies for conserving these vectors are not well developed. At this point, vegetation-based conservation approaches are likely to be the most effective, both for the direct conservation of plant viruses in their hosts and for the conservation of their insect vectors.
